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A novel metal oxide composite catalyst for the tote! oxida8»on 
of carbon monoxide ;snd methane was prepared by combining 
fiuorite oxides with a«Sve transition metals. The fiuorite oxides, 
such as ceria and zireonia, are oxygen-ion-conductsng material 
having catalytic properties usually as high temperatures. Active 
base metai catalysts, such as copper, wefe used as additives to 
promote the catalytic properties of these oxides. The contact of 
the two types of materials gave rise to a high active oxidation 
catalyst. At a space velocity of about 42,000 h" 1 , complete carbon 
monoxide oxidation in air occurred at room temperature on the 
Au„ s |:Ce(La)l ( ,,A catalyst and at ca. 100'C on Cu-Ce-G com- 
posste catalysts. At the same space velocity, total oxidation of 
methane on the Cu-Ce-0 catalyst doped with La A or SrO took 
place at ca. 5 SOT. The specific carbon monoxide oxidation activity 
of the Cu-Ce-0 catalyst was sevens! orders of magnitude higher 
than that of conventional copper-based catalysts and comparable 
or superior to platinum catalysts. This type of composite catalyst 
also showed excellent resistance to water vapor poisoning. The 
enhanced catalyst activity and stability resulted from strong inter, 
action of the transition mete! and fiuorite oxide materials. * iw 



i. INTRODUCTION 

Carbon monoxide and gaseous hydrocarbons are ubiq- 
uitous air pollutants emitted by many sources. Complete 
oxidation of these pollutants to carbon dioxide and water 
overactive catalysts is used to meet continually changing 
environmental regulations in an economic way. Precious 
metals (Ft, Pd) are well-known total oxidation catalysts 
with high activity and stability, and are widely used for 
exhaust gas emission control. The high cost of precious 
metals and their sensitivity to sulfur poisoning have long 
motivated the search for substitute catalysts. A variety 
of transition mcta! oxides and mixed metai oxides have 

1 To whom correspondence sho^d be addre^ed. 



been examined. However, base metai oxide catalysts are 
generally less active and stable in the presence of water 
vapor and sulfur compounds than the precious metal cata- 
lysts. Methane is the most refractory hydrocarbon and 
thus, is often used as model hydrocarbon compound for 
activity tests . In addition, methane itself is a potent green- 
house gas and the emission control of unburtsed methane 
from exhaust gases may be regulated in the future. 

The fiuorite-typc oxides, such as ccria. zireonia, and 
thoria, have face-centered-cubtc (FCC) crystal structure 
in Which each tetrava'ent metal ion is surrounded by eight 
equivalent nearest G-~ ions forming the vertices of a cube. 
Oxygen vacancies are created when a fiuorite oxide is 
doped by divalent or irivalem impurity ions. Thus, the 
fiuorite oxides have been extensively studied as oxygen- 
ion-conducting materials (1.2) due to their high oxygen 
vacancy concentration and mobility properties. In the 
catalysis field, fiuorite oxides have been occasionally ex- 
plored as catalysis for the oxidation of carbon monoxide 
and methane. CeO,-La,0,. CeO,-ThO,, and UO,-ThO ; 
oxides were tested as carbon monoxide oxidation cata- 
lysts a long time ago (3-6). A redox mechanism involving 
lattice oxygen/oxygen vacancy participation was pro- 
posed for carbon monoxide oxidation on cerium oxide 
(7, 8). A recent atomic simulation of a carbon monoxide 
oxidation mechanism on cerium oxide (9) suggested thai 
the surface oxygen of cerium oxide is more active than 
the bulk oxygen. Cerium oxide or zirconium oxide modi- 
fied with other base metal oxides was tested for the oxida- 
tive coupling of methane (10, II ). For example, Ba-doped 
CeO ? was found to be an active catalyst with high selectiv- 
ity to C. species (II). Some other oxygen solid electro- 
lytes, including Zr-Y-O, were examined for the total 
oxidation of carbon monoxide and methane from at! elec- 
tronic point of view (12). Typicaliy, the fluorite-type ox- 
ides showed catalytic oxidation activity at high tempera- 
tures. 
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It is generally agreed that the oxidation of carbon mon- 
oxide and hydrocarbons over oxide catalysts involves 
surface oxygen/oxygen vacancy participation {?, 10, H. 
13. 14) and the oxygen mobility of metal oxide catalysis 
has something so do with catalytic activity. In our previ- 
ous studies of the reduction of sulfur dioxide by carbon 
monoxide to elemental sulfur (15, 16), or, alternatively, 
the oxidation of carbon monoxide by sulfur dioxide, we 
found thai cerium oxide and zirconium oxide are active 
catalysis. The oxidation of carbon monoxide by sulfur 
dioxide is considered to proceed via a redox mechanism 
involving surface oxygen/oxygen vacancy participation 
The activity of cerium oxide tor this reaction was en- 
hanced by the addition of small amounts of rare earth 
oxide dopants ( 1 5). Further activity enhancement and cat- 
alyst resistance to water vapor and carbon dioxide poison - 
ing were achieved by doping the fiuonte oxide with transi- 
tion metals, such as copper, cobalt, or nickel (16), Thus, 
we postulated that a general oxidation catalyst may be 
achieved by promoting fiuorite oxides with active transi- 
tion metals, such as copper. !n such a catalyst configura- 
tion, the transition metals are used in minor amounts and 
stabilized in the fiuorite oxide matrix, while the fiuorite 
oxide is the essential and major catalyst component and 
not an inert support. We have found that this type of 
catalyst was highly active for the complete oxidation of 
carbon monoxide and methane in a preliminary 
study (17). 

Cerium oxide has been widely used in the automotive 
three-way catalytic converter as an oxygen storage me- 
dium and thermal stabilizer. The interaction of ceria with 
precious metals (Pd, Pi, Rh) and its effect on catalytic 
activity have been intensively studied (18, 19). By con- 
trast, little information is available to date on the interac- 
tion of fiuorite oxides with base metal catalysts and iheir 
application to complete oxidation of carbon monoxide 
and methane. A recent paper (20) studied the effect of 
oxygen vacancies in yttria-stabilized zirconia (YSZ) sup- 
port on the properties of copper cataiyst for carbon mon- 
oxide oxidation. Several binary mixtures of transition 
metals and fiuorite oxides have been proposed in the liter- 
ature as methanol synthesis catalysts (21), However, an 
active catalyst for this application generally comprises the 
transition metal as the major component. From a materials 
point of view, alkaline earth and rare earth oxides have 
considerable solubility in fiuorite oxides (22), while transi- 
tion metal oxides have little or no solubility (23). 

In the present study, we systematically examined the 
Cu-Ce-0 composite oxide for carbon monoxide oxida- 
tion and the total oxidation of methane, and briefly sur- 
veyed some other transition metal-fluorite oxide systems. 
The reasons for the greater emphasis on the Cu-Ce-0 
systems are: (i) Ce0 2 has a stable fluorite-type crystal 
structure from room temperature up to its melting point 



(2600°C); (it) copper is known as an active oxidation cata- 
lyst; and (iti) both cerium and copper oxide precursors 
are readily available commercially. 



2. EXPERIMENTAL 
2.1. Catalyst Preparation 

The bulk composite catalysts were prepared by copreci- 
piiating aqueous salt solutions of the metals with ammo- 
nium carbonate or sodium carbonate. The ammonium car- 
bonate was a good precipitation agent a?Mj did not 
introduce impurity metal ions, but the formation of 
metal-ammonia complex often caused some slippage of 
transition metaJs. If sodium carbonate was used, the pre- 
cipitate had to be carefully washed to remove residual 
sodium. The precipitates were washed twice with hot 
deionized water and then dried for about 12 h at 3 ICfC. 
The dried samples were typically heated for about 4 h at 
650*C in air, unless specifically noted. Low purity (99%, 
Aldrich) cerium nitrate containing about 1.5 wt% lantha- 
num, corresponding to an atomic ratio of La to (La + 
Ce) of about 0.045, was used in the typical catalyst prepa- 
ration. The cerium from this precursor was designated 
Ce(La) in the catalyst formula throughout the paper. High 
purity (99.99%, Aldrich) cerium nitrate was used to pre- 
pare the catalysts containing different dopant ions (Sr. 
Sc. La, Gd). Cerium acetate (99.9%. Aid rich), heated for 
4 h at 750°C in air, was used as the primary precursor of 
La-free cerium oxide. Chloroauric acid (HAuCy, hydro- 
gen hexachloroplatinate (IV) hydrate, and zirconium di- 
chioride oxide hydrate were used as Au, Pt , and Zr precur- 
sors, respectively, while the AR grade metal nitrates were 
used for all other metals. 

7-Al 2 0j was supplied by LaRoche. Bulk CuO was pre- 
pared by thermal decomposition of copper carbonate in 
air (4 h at 650°C). The supported catalysts were prepared 
by the conventional wet impregnation method using aque- 
ous salt solutions of the metals. The slurry of the support 
and solution was degassed under vacuum so thai the salt 
solution fully filled the pores of the support during impreg- 
nation. After excess solution was drained, the sample was 
dried for a few days at room temperature and then heated 
in air for 4 h at 650°C. The physical mixture of ceria and 
copper oxide, CuO + Ce0 2 , was prepared by blending 
the CuO and Ce0 2 powders with water in an ultrasonic 
water bath for 10 min and followed by drying at 3G0°C 
for I h. For bulk composition analysis, the catalyst pow- 
der was dissolved in hydrofluoric acid and diluted with 
deionized water; the resulting solution was analyzed by 
inductively coupled plasma (ICP) atomic emission spec- 
trometry (Perkin-Elmer Plasma 40). The catalyst surface 
composition was analyzed by X-ray photoeleciron spec- 
troscopy (XPS) on a Perkin-Elmer XPS 5100 system. The 
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catalyst characterization was performed by single-point 
desorption of nitrogen on a Micromeritics Flo* Sorts H 
2300 apparatus for BET surface area measurement and 
X-ray powder diffraction (XRD) on a Rigaku 300 X-ray 
diffractometer for crystalline phase identification. 
Throughout this paper, at.% denotes the ratio of a specific 
metal ion to the total metal ions in a given catalyst 
(x 100%). The catalysts prepared by the coprecipitation 
and impregnation methods are denoted CuJCefLa)],., 
0 : _, and CuO./CeO;, respectively. 

2.2. Apparatus and Procedure 

Typically, catalysts were tested irt a laboratory-scale 
packed-bed flow reactor consisting of a 0.6 cm i.d. x 50 
cm long quartz tube wish a porous quartz frit placed at 
the middle for supporting the catalyst. Occasionally, a 
1.0 cm i.d. tube reactor was used when a large catalyst 
volume was needed. The reactor tube was heated by a 
Lindberg furnace . Flowing air was used to cocsi the outside 
surface of the reactor tube when the test was conducted 
a! low temperatures (<I00°C}. The reaction temperature 
was monitored by a quartz-sheathed K-type thermocou- 
ple placed at the top of the packed catalyst bed and con- 
trolled by a Wizard temperature controller. CO and CH< 
reacting gases were certified calibration gas mixtures bal- 
anced by helium (from Matheson). Air and helium (all 
from A1RCO) were used as oxidizing gas and diluent, 
respectively. The gas streams were measured with rota- 
meters and mixed prior to entering the reactor inlet. The 
resulting gas mixture (lowed downward through the 
packed catalyst bed without further purification. Water 
vapor was introduced with helium bubbling through a 
heated water bath. The pressure drop of gas Sowing 
through the assembly was small. Thus, experiments were 
carried out at nearly atmospheric pressure. The product 
gas stream was analyzed by a HP5880A gas chromaio- 
graph (GC) with a thermal conductivity detector (TCD). 
The carbon balance was checked by simultaneous mea- 
surement of the reaciant and products. Unless specifically- 
noted, the catalyst loading was 150 rng which resulted in 
a packed-bed height of typically 5 mm for Cc0 2 -based 
catalysts and 2-3 mm for ZrO r based catalysts in the 0.6 
cm i.d. reactor. The total gas flow rate was set at 100 
seem consisting of 2% CO or 2% CH«, 16% O,, and the 
balance was He and N,. Thus, the contact time was 0.09 
g • s/cc(STP) and the space velocity was typically 42,000 
h _i for the Ce0 2 based catalysts. The prepared catalysts 
were directly tested without any pretreatment unless spe- 
cifically noted. The activity measurement was conducted 
in an ascending temperature manner so that the Sight-off 
behavior was recorded. No hysteresis effect was observed 
in these tests. The caiaiyst activity was ranked based on 
the light-off temperature a! which 50% conversion oc- 



curred. The specific reaction rate was measured if! differ- 
ential reactor mode with conversion not exceeding 10% 
by choosing an appropriate catalyst loading and Mow rate. 
The SsC powder was used as an inert mixer to keep ap- 
proximately the same packing beighS when small amounts 
of the caiaiyst were tested. 

3. RESULTS AND DISCUSSION 
3.1. Carbon Monoxide Oxidation 

3.1.1. Ce0 2 and Zr ov Y 0 lOyjCatalysts . Figure i shows 
the light-off curves of CO oxidation over various Ce0 2 
catalysts containing different dopants as well as the 
ZimYb.,0,., (0.05Y 2 O r 0.9ZrO 2 ) catalyst. The undoped 
CeO> had an activity similar to the La- and Sr-doped 
catalysts, but higher activity than the Sc- or Gd-doped 
catalysts. The Zr„. 9 Y 0 . ,0, „ catalyst had an activity compa- 
rable to the CeO, catalysts at low temperatures and lower 
al high temperatures. Sn summary, ail these catalysts 
showed relati vely low activity with light-off temperatures 
{50% conversion) over the range of 360 to 440T. Ac- 
cording to the oxygen vacancy formation theory (24), one 
oxygen vacancy is created when one divalent (£* ? *) or 
two tri valenl ( t>* * ) dopant ions are introduced into mjorste 
crystal lattices. The resulting oxygen vacancy and the 
parent dopant ions are energetically associated pairs. The 
higher the association energy the lower the oxygen va- 
cancy mobility. The association energies in CeOj doped 
with various al kaline or rare eart h oxides were experimen- 
tally measured and calculated (24, 25). The association 
energy increases in the order Gd < La < Sc < Sr. The 
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FIG. 1. l-ight-off of CO oxidation over various i at.% doped crna 
catalysts and Zr,,Y e ,0. , catalyst (tOO seem: 2% CO, \m 0 2 . surface 
areas: Zr M Y 0 .,O„ - 42 m'/g. i at.% Cu - 57 roVg, others at 28 m'/gk 
P) Cu-[Ce<La}jo» prepared by 4-h heating in N, a; 6WfC; <♦) La: (A) 
St; tO) no dopant; (8! Sc: (•) Gd; and 14) Z^Y^O,,. 
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oxygen mobiiity in the doped Ce0 2 catalysts was found 
to correlate well with the catalytic activity for the redac- 
tion of sulfur dioxide by CO (55), but the present activity 
results show that the activity of the doped CeO : catalysts 
for CO oxidation did not correlate with either the bulk 
oxygen vacancy concentration or oxygen tno&URy, In 
contrast to the alkaline earth and rare earth oxide dopants, 
3 at.% Cu dopant significantly increased the catalytic ac- 
tivity of |Ce(La)i0 2 and lowered the light-off temperature 
to I35°C (Fig, 1). Thus, this catalyst was chosen for fur- 
ther study. 

3.1.2. Cu 6m {Ce(La)] iiV) 0, catalyst. The fresh 
Cuo.oitCe(La)j. s w O, catalyst shown in Fig. 1 was prepared 
by 4-h calcination a! 600X under N 2 . This different 
calcination procedure was used in an attempt to keep 
copper ions inside the cerium oxide lattice, because cop- 
per oxide is immiscible with cerium oxide. However, fur- 
ther calcination of this catalyst in flowing air turned out 
to be beneficial to the catalyst activity. Figure 2 shows 
the light -off curve shifted to lower temperature after the 
catalyst was treated at higher temperature (660, 760, 
860°C). But, the light-off curves converge at high conver- 
sions. Table 1 lists the catalyst surface area and surface 
composition alter different thermal treatments. The cata- 
lyst surface was significantly enriched in copper as the 
heating temperature increased, while La was slightly en- 
riched on the surface. The surface area decreased from 
the fresh value of 57 to 27.3 nr7g after the catalyst was 
heated for 3 h at S60°C, while the light-off temperature 
(50% conversion) decreased from 150 to §0°C. These re- 
sults show thai copper oxide is not soluble in Ce0 2 , since 
calcining the catalyst in air drove the copper from the 
bulk to the surface, and the copper enrichment of the 
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FIG. 2 Effect of thermal treatment on the Cu,,,{Ce(L»Ho,A cata- 
lyst activity far CO oxidation 000 seem: 2% CO. 16% O,) 



TABLE J 

Variation of the C^wfCeCUHwA Catalyst Surface Area and 
Surface Composition with Thermal Treatment in Air 



Treatment 


Surface 
(frr'-'g) 


Composition (%f 
Cu Ce La 


Fresh* 


57.0 


4.9? 89.0 6.02 


+ 3 h in flowing atf at WOT 


52.4 


8.10 S6.5 5 37 


■i 3 h in flowing air at WC 




9,08 84.7 6.19 


+ 3 flirt flowing atr at8fi0*C 




!!.9fl 81. 4 6.74 



* Determined by XPS wish a standard deviation of i \'7< , b'jt not cali- 
brated. 

4 As prepared by 4-h calcination at 60OT in N,. 



catalyst surface may have contributed to the activity in- 
crease. 3n contrast, the solubility of lanthanum oxide in 
cerium oxide was confirmed. 

3.1.3. Cu I \Ce(La)} x - s O- l . x catalyst. Figure 3 shows 
the light-off curves over various bulk Cu4Ce(La)) j _ J .0 2 _, 
catalysts prepared by coprecipitation. The experimental 
data for the catalysts with different bulk copper levels 
from 2 to 50 at.% are approximately represented by a 
single light-off curve, that is, the catalytic activity was 
not affected by the bulk copper content. The light -off 
temperatures were typically 80*C, Figure 4 shows the 
XRD patterns of these catalysts. At low copper content, 
there were no visible peaks due to the CuO crystal phase. 
As the copper content increased, the CuO peaks became 
apparent. We also see that the CuO peak width is generally 
narrower than that of the Ce0 2 peak, although the inten- 




t'!°c) 



FIG. 3. Effect of bulk copper content in CuJCetLa)], ,<>,-, catalyst 
on CO oxidation activity (100 seem: CO, 16% surface areas = 
30 m 2 /g>. 
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sity of the CuO peak is smaller. The crystal particle sizes 
of CuO and Ce0 2 were estimated by peak broadening (26) 
with Scherrer's equation and are listed in Table 2. Table 



2 also lists the surface composition determined by XPS. 
it is interesting that at low bulk copper content the surface 
copper content was higher than the bulk average, but 
the surface copper no longer increased for bulk copper 
contents higher than ca. 15 at.%. It appears that copper 
is finely dispersed in CeOj at low copper contents, and 
when saturation is reached at higher copper contents, the 
excess copper formed bulk CuO particles that do not 
contribute to the- XPS signal (or "invisible" to XPS). 

On the basis of the activity results, we propose that the 
catalyst activity derives primarily from the combination 
of finely dispersed copper-cerium oxide system, while 
the CuO particles have negligible contribution. This hy- 
pothesis was confirmed by the following experiment. Bulk 
CuO can be easily dissolved in nitric acid, Thus, the bulk 
CuO particles in the Cu«{Ce(La)],..,0 2 .. f catalyst were 
removed by immersing the sample in nitric acid for 14 h 
and then filtering, washing with deionized water, and dry- 
ing a! 65CC for 1 h. The catalyst compositions after this 
treatment are shown in Table 2. The higher the initial bulk 
copper content the more copper was removed by this 
process resulting in similar bulk composition (as deter- 
mined by 1CP) for three copper- containing catalysts: 15, 
25, and 50at.%, in spite of large initial composition differ- 
ences. XRD analyses of the nitric-acid-treated catalysts 
revealed the absence of the CuO phase as shown in Fig. 
4. The surface composition of the treated 50 at.% Cu 
catalyst is similar to the 2 at.% Cu catalyst. Figure 3 
shows a negligible difference in the catalytic activities 
between the fresh and the nitric-acid-treated catalysts. 
Thus, we conclude that copper clusters, invisible by XRD 
and stabilized by strong interaction with CeO ? , mainly 
contribute to the catalytic activity. Only a small amount 
of copper (a few percent) is needed to promote the CO 



TABLE 2 

Particle Size and Surface Composition of 
Cu-Ce(La)~0 Catalysts 



Particle size 

Catalyst W Surface composition (%)* 



Cu/(Cu + Ce) x i00% 


CeO, 


CuO 


La 


Cu 


Ce 




10 








82.4 




to 




5.97 


16.2 


77.8 


15(10.5)' 


7.6 




3.42 


2.4.8 


71.7 


25(8.4)" 


13 


29 


5.9! 


18.7 


75.4 




1404)* 


29 


5.8(6.9)'' 


! 8,90 1.4)* 


75.3(81. 7)' 



"Ce0 2 and CuO particle sizes were determined by XRD from the (II I) and (1 II) peak 
widths at half maximum of 0eO 2 and CuO, respectively. 

4 Determined by XPS with a standard deviation of but not calibrated. 

r Prepared by 4-h calcination at 650°C plus 3-h calcination at 860 8 C both in air. 

*lhe sample was immersed in nitric acid for 14 h a! room temperature, filtered, washed 
with deionized water, and dried for I h at 650°C. 



TRANSITION METAL-FLUORfTE COMPOSITE CATALYSTS, i. 



309 




0 50 100 (50 200 IV) JOB 



T(°C) 

FIG. 5. Effect of I at.% dopant on the CO oxidation activity of 
Ci^ijCecgjO, cataJyst (100 seem: 2% CO, 16% 0 ; ; surface areas as 30 



oxidation activity of CeQ,, and excess copper forms bulk 
CsjO particles contributing little to the catalyst activity. 
The bulk copper content needed for uniform surface cov- 
erage of a CeO, catalyst with a 30 m 2 /g surface area was 
calculated to be 8.5 at.% by assuming monolayer Cu 2 * 
ions of radius equal to 0.07 nm. This fact and the surface 
compositions listed in Tables I and 2 suggest that only a 
small fraction of copper in the Cu-Ce-0 catalyst of high 
copper content is dispersed on the cerium oxide surface. 
Further details of the catalyst microstructure are given in 
Part II of this paper (27). 

3.1. 4. Effect of dopant oxides on the catalytic activity 
of Cu„ )} Ce u: 0, catalyst. The effect of 1 at.% alkaline 
earth or rare earth dopant oxide on the CO oxidation 
activity of the Cu 015 Ce 0 8J 0, catalyst is shown in Fig. 5, 
The light-off curves on all the catalysts virtually over- 
lapped. It seems that 1 at.% dopant (La, Sr. Gd) had little 
effect on the CO oxidation activity of the Cu,, 15 Ce 035 O, 
catalyst, similar to the ease of the bulk Ce0 2 catalyst (Fig. 
1). The effect of La dopant content on the Cu 0 .uCeo.jjO, 
catalyst activity is shown in Fig. 6. La dopant had a 
negative effect on the catalytic activity when its doping 
level reached 10 at%. The surface La content of tins cata- 
lyst was about 18 at.%. Thus, the activity decrease may 
be due to excessive La enrichment of the catalyst surface. 
The variation in the activity at low La-doping levels was 
probably caused by some variability in catalyst prepara- 
tion. Typically, the activity measurement showed good 
reproducibility, while the catalyst preparation by copreci- 
pitatson had fair reproducibility with about ±W<Z varia- 
tion in the light-off temperature. It is also noted that Na 
impurity introduced in the coprecipitatson with sodium 
carbonate had an adverse effect on the catalytic activity. 



0.0- 




B 51) iO* M0 WO 250 300 



PIG. 6. Effect of La dopant content on the CO oxidation activity 
of Cu 3 .<Cc c , ss O ( catalyst (100 seem: M CO. \m 0 ; : surface areas a 
JO m-Vgi. 

However, the catalysts prepared with ammonium carbon- 
ate and sodium carbonate showed similar activity as long 
as the Na ions were carefully washed away, 

3.1.5. Activity enhancement by the concerted effect of 
CuO and Ce0 2 . The experimental results presented thus 
far have indicated that the Cu-Ce-0 type mixed oxide 
is a highly active catalyst for CO oxidation, as full conver- 
sion Jo CO, over this catalyst occurred around 1O0 0 C. 
The catalyst activity is due lo the synergistic effect be- 
tween CuO and CeO, as illustrated by Fig, 7. Bulk Ce0 2 




T(°C) 

FIG. 7, Activity enhancement for CO oxidation from combination 
of CeO. and CuO (100 secrn: ?.% CO. im 0,>. m> a^fCctU^O.. 
30 w% <•) 15 at.% OKyCcO-., 22.4 nr'g. (4. 15 at « CuO + CeO, 
prepared by t-h heating in air a! 300*0. 18.6 m ! /g; (♦) bulk CuO, ! M 
mVg; <0> CeOj. 28 m*/g. 
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FIG. 8. Effeti of copper dispersion on CO oxiaasion *c;iv>iy (100 
«•«'*. 2% CO. iC% O,); (*> Ci. 01 ..!Ce!U)i. J!1 ,O,. 50 mg. JO ro-/g; i»; 
CuO. 1000 mg, ).64m%.(A) 14 at.% CuO/yalumina. I50mg. IJ7mV 
g: (♦) 3.2 at.% CaZSM-5. 150 mg, 400 m : /g; (□} 3.1 at.% Ce, ! al.% 
Cu. Ce-Cu-ZSM-5, 150 mg, 400 m : 'g. 



catalyst had low activity at low temperatures, while bulk 
CuO is known as an active catalyst for CO oxidation with 
a light-off temperature (50% conversion) around 140°C 
as measured in this work. When the same bulk CuO pow- 
der was mixed with the Ce0 2 powder with an atomic ratio 
of 15:85 according to the procedure described earlier, 
the light-off curve shifted to lower temperatures by about 
80°C. The 15 at.% Cu-containing bulk catalyst 
Cuo , 5 [Ce(La)l 0 8 <O t and the impregnated 15 at.% CuO,/ 
Ce0 2 catalysts showed only slightly higher activity than 
the physical mixture. 

The bulk CuO had much lower surface area than the 
Cu-Ce-0 catalyst. To clarify that the activity enhance- 
merit effect was due to the interaction of CuO and CeO Zl 
additional tests were run, as shown in Fig. 8. The Sight- 
off curves on the Cu ( , , 5 [Ce(La)] D 85 0, and bulk CuO cata- 
lysts iu Fig. 8 were measured on the basis of the same 
total BET surface area, The light-off temperature on the 
Cu 0 . 15 [Ce(La)] 0 . M O, catalyst was still about 70°C lower 
than that on the bulk CuO. Compared to Fig. 7, the Sight- 
off curve on the bulk CuO catalyst was not affected as 
the CuO loading increased from 150 to 1000 mg. The 14 
at.% CuQ/"y-A!,G 3 catalyst had significantly lower activity 
than the bulk CuO, but comparable activity to catalysts 
reported in the literature. This may be explained by the 
known formation of copper aluminate in alumina-sup- 
ported copper oxide catalyst. The specific copper surface 
area of this catalyst measured by N 2 0 decomposition was 
about 50 m 2 /g. The copper dispersion effect was also 
examined in Fig. 8 with 3.2 at.% Cu-ZSM-5 and 3.1 at.% 
Ce plus 1 at.% Cu, Ce-Cu-ZSM-5 catalysts. Compared 



to the 2 at.% Cu-containing Cu ~Ce(La)-0 catalysts (Fig. 
3), these ion-exchanged zeolite catalysts had very low 
activity at temperatures lower than 250°C. Copper disper- 
sion in these two catalysis, however, is high, because 
copper ions are associated with A! ions in She ZSM-5 
framework (28). The results in Figs. 7 and 8 clearly indi- 
cate that the Cu-Ce-0 catalyst has much higher activity 
than other copper-based catalysts on the basis of either 
unit catalyst weight or total surface area. While good 
metal dispersion is, in general, necessary to obtain an 
active catalysi. high copper dispersion alone is not suffi- 
cient to achieve an aciive CO oxidation catalyst; the en- 
hanced activity of the Cu-Ce-0 composite catalyst must 
result from the infraction of copper and Ce0 2 or a "con- 
certed effect" between these two kinds of materials. 

The reaction rase on the Cu a .ij(Ce(La)] 08 sO, catalyst is 
compared with those on some well-known CO oxidation 
catalysis reported in the literature (29-31) in Table 3. 
Manganese-based mixed oxides have long been known 
as low temperature CO oxidation cataly sts. Copper oxide 
is also one of the most studied oxidation catalysts. The 
reaction rate on the Cug tj .{Ce(La)Jo is a few times 
higher than that on She Mn-based catalysts and 300 times 
higher than on the Cu/5-aiumtna catalyst. Recently, Raja- 
durai and Carberry (31) reported the pcrovskite-type 
mixed oxide, La 08 Sr 02 CrO :i ..8, as an active CO oxidation 
catalyst rivaling the platinum catalysis. Tabic 3 shows that 
Cue f5 [Ce(La)j ( ,. 85 0^ has a reaction rate per unit catalyst 
weight comparable to that of the Pi/alumina catalyst and 
much higher than that of Lao s Sr 02 CrO 3 - 8 . The conven- 
tional N,0 decomposition method (32) was tried to mea- 
sure the specific copper surface area in the Cu-Ce(La)-0 
catalyst. However, we were not able to get a reliable 
measurement due to the strong interaction between Cu 
and [Ce(La)]Q 2 . The specific copper surface area in the 
Cu 0 , 3 [Ce(La)] 0 M O t catalyst was roughly estimated by 
multiplying the BET surface area by the surface atomic 
fraction of copper in Table 2. Table 3 shows that the 
specific reaction rate on the Cu e | 5 [Ce(La)] S85 0, is compa- 
rable to the Pt/aiumina and the La^ 8 Sr 02 CrO 3 _ 5 . There- 
fore, the Cu-Ce-O system has both low light-off tempera- 
tures and high intrinsic activity for CO oxidation. 

3.1.6. Activities of other transition meiai-fiuorite oxide 
catalysts. So far we have considered the Cu-Ce(D)-0 
system where D denotes a dopant element. Next, the 
CO oxidation over other transition metai-fiuoriie oxide 
systems will be briefly discussed. Several light-off curves 
are shown in Fig. 9. The Au 0 0 ,[Ce(La)] 0 ^G, catalyst pre- 
pared by calcination in air for 1 h at 500°C followed by I 
h at 600°C exhibited the highest activity. Complete CO 
oxidation over this catalyst occurred at room temperature 
(26°C). Pt-Ce(La)-0, Cu-Zr-O, and Cu-Zr(Y)-0 cata- 
lysts showed comparable activity, slightly higher than the 
Co-Ce(La)-0 catalyst, but all these catalysts, except for 
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TASLE 3 
Catalyst Activity for CO Oxidation 



Surface Rate 



Catalyst and Reaction Condition 




(jtmol/gcat-s)" 


(pmol/m 1 ■ s) s 


! P co = O.Oi bar, i30°C 








Cu 0iS SCe{La)] 083 O/ 


30 


85 


2.8 


Amorphous CuMnO, (28r* 


39 


10 


0.27 


It. P c0 = O.Oi bar. SG'C 








Cii a , 5 !Ce{La)S 0U O/ 


30 


19 


0.63 


Spinel CoCuMnO, (28)'' 


113 


9.4 


0.083 


IS!. Pea = 0.035 bar, 13Q°C 








Cuo^iCeiLaSiojsO/ 


30 


!95 


6.5 


12 wl'% Cu/8-alumina (30V 


!3S 


0.64 


0005 


IV. /> co = 0.0! bar, 1 \0'C 








Cu^iCeCLa^Q/ 


30 


32 


1.1(4.3)' 


0.5 wt% Pt/aiitmina (3i>' 


24? 


25 


0.10(5.5)' 


Lao^Sro^CrOj.jOD' 


0.33 


1.8 


5.5 



* Specific rate based on unit catalyst wetght. 

* Specific rate based on unit BET surface area. 
' Partial pressure of oxygen. P 0 , is 0.17 bar. 

4 P 0 = 0.2 bar. 

' Specific rate based on specific copper or platinum surface area. The specific copper 
surface area was estimated by BET area x surface copper fraction (Cu/(C« * U + Cei). 
' 1% CO, 99% Oj, unknown total pressure. 



Au-Ce(La)-0, were less active than the Cu-Ce(La)-0 
catalyst. Fine gold particles supported on Co 3 0„ , a-Fe 2 0 3 , 
and Ti0 2 were found to be excellent low temperature CO 
oxidation catalysts by Hamta ei at. (33). The high activity 
was considered to be due to active catalytic sites formed 
at the boundary of gold particle and metal oxide where 
CO adsorbed on gold reacted with the oxygen ad- 
sorbed on the metal oxide. The activity of the present 
Auq 05 [Ce(La)J 8 95 0, catalyst was compared wish the Au/ 
o-Fe,Oj in Table 4. The activity of the A% 0 ,[Ce(I.a))(, 9 A 
catalyst was slightly lower than that of the Au/a-Fe 2 0 3l 
which may be due to the larger gold particle size in the 
Au 0ii }[Ce(La)] 0 95 O^ catalyst. In contrast to the 
Cu~Cc(I.a)-0 system where finely dispersed copper can- 
no! be dissolved its nitric or hydrochloric acid due to the 
strong interaction with cerium oxide, the gold particles 
in the Aug 05 [Ce(La)] 0 ^O^ catalyst can be dissolved in 
hydrochloric acid, while bulk gold is insoluble. This im- 
plies that the small gold particles in the [Ce(La)]0 2 matrix 
indeed have some particular properties, it is noteworthy 
that the Au 005 [Ce(La)] 0 , 5 Q, catalyst showed good stabil- 
ity. The catalyst maintained its high activity after being 
subjected to a 3-h treatment at 650°C either in flowing air 
or 25% H 2 /He. No deactivation was observed in a 4-day 
run at room temperature with the reacting gas saturated 
with water vapor. The water vapor effect on the other 
catalysts is addressed in the following section. 



3.1.7. Effect of water vapor on catalyst activity. Wa- 
ter vapor generally inhibits or poisons the oxidation activ- 
ity of base metal oxide catalysts and imposes a second 
challenge beyond that of boosting the activity of the non- 
precious metal oxide catalysts. The extensive search of 




IX O 

FIG. 9. CO oxidation over various composite catalysts (!50 rng 
catalyst loading; [00 seem: 2% CO, 16% OJ; W) Aiio.osICetLaJJo.mO, 
prepared by air calcination for 1 h at 5o6"C + i h at 600°C, 34.2 
rrrVg; (•)Pt 0 . B ,[Ce(La)l i) „O I , 28.1 mVg; (4) Clio ,Zr 0 A . 17.8 m 2 /g (♦) 
Cu 0I ,[Zr M Y 0 . I ] 0 . B O,, 65 rn 2 /g; {□} Co,, J |Ce<La». l O„ 30 m J /g. 
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Gold- Metal Oxide Composite Catalyst Activity 
for CO Oxidation 



Surface 




Rate til 




Au particle si; 


e U"C 


Catalyst (m : /g) 


Inm] 


((jtrorf/gsal • s)" 


Auj^CetLaJlosA 34.2 


8.0 


1.2 


5 n.% Au/o-Fc;0, 133) 72.0 


4.0 


1.9 



base metal catalysts as. alternatives to precious metals for 
exhaust gas treatment in the 1960s identified copper oxide, 
mixed with chromium oxide and/or rare earth oxides, to 
be an active cataiyst (34, 35). However, the copper cata- 
lyst was severely deactivated upon addition of water va- 
por due to changes in the nature of surface copper (36). 
Perovskite-like compounds RE, ..Pb.MnOi and RfXoO, 
{Rt -- La, Vi\ or N<i) wetc pioneered as oxidation cata- 
lysts for the automotive exhaust treatment in the early 
1970s (37). Although these mixed oxides later showed 
a lower activity than the precious metal catalyst and a 
propensity to water vapor poisoning (38. 39), they have 
indeed stimulated intensive studies of this type of catalyst. 

The water vapor effect on the present catalysts was 
examined and typical results are shown in Fig. 10. Water 
vapor effects on the bulk CuO and the 14 alM CuO/y- 
AI 2 Oj catalysts are also included in Fig. 10 for compari- 
son. The water vapor content in exhaust gas streams is 



I 




Time- oo- Strum (hi 



1 !G. U. i-.tiect of t.tl;iiy\t then;-!.:! (rcatmeat or; tfte CO oxidatson 
activity in the presence at ».uer v.ipor i IS) nig c,.uty>{ Soaring; W't" 
r«»ct:<m tempefatunr. 47 seem HO « i<*i seen) dry gas containing 2% 

co and \m Oji. 



usually around 159? . Excess water vapor, 32%, was used 
In our tests to study its effect. In Fig. 10, the CO conver- 
sion on the bulk CuO catalyst decreased to 0.1 from 0.99 
within about 2 h after the addition of water vapor at 340°C. 
The conversion recovered to only 0 35 2 b after the re- 
acting gas was switched back to the dry gas feed stream. 
The conversion over the CuO/y-AInO, catalyst also de- 
creased monotonically at a rate of about 0.03/h in the 
presence of water vapor. In contrast . no deactivation was 
observed over the Cu-Ce(La)-0, Co-Ce{La)-0, and 
Cu-Zr(Y)-0 catalysts under the same experimental con- 
ditions, h is noted that the preceding calcination process 
during catalyst preparation had a strong effect on the 
Cu-Ce(La)-C) cataiyst activity in the presence of water 
vapor as illustrated in Fig. I L On the Cu ()0 .|.Ce(La)3 ii , w O. ! 
and Ojy s [Ce{La)]jnQ ( catalysts prepared by 4 h-ealcina- 
tion at 600°C under N,, the conversion declined monotoni- 
cally at a rate of about 0.09/h and 0.012/h. respectively. 
However, these two catalysts maintained stable activity 
in the presence of water vapor after they were further 
heated for 3 h at 650°C in flowing air. 

In conclusion, the transition metal-fluorite oxide com- 
posite catalyst exhibits significant enhancement for car- 
bon monoxide oxidation in both catalytic activity and 
stability in the presence of water vapor, and the enhance- 
ment stems from the strong interaction of the two kinds 
of materials. 



FIG. 50. Effect of water vapor on CO oxidation activity over the 3.2. Mvilwnr Oxidation 
catalysts prepared by 4-h calcination at «0°C in air icaialyst loading: 
S (XXI mg for CuO cataiyst . ISO mg for ot hers. 340"C reaction temperature 
4? seem H 2 0 + f 00 seem dry gas containing 2% CO and tG% Oo. 



Screening tests for total methane oxidation were per- 
formed over several transition metal-fluorite oxide eata- 
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RC. 12. Methane oxidation over various composite (150 
mg catalyst loading: 100 seem: 2% CH„. im 0 ; >. (») Cu s; Zf c ,0,. f?.S 
iii-''j S -.i'AiO i . 1 .v.jCe!f..a;:,.,-0. 4i fi^g: (O! Oj (; JCciL,ii;„ ..(>, . >7 * nr.- 
g; (®) Cuo.ZroA. ».0 m'/g: (♦) !Ce(La)|0.. JO m ! /g; O C«Oj. 28 
nv7g. 



lysis ai a contact time of 0.09 g • s/cc (STP). ZrCybased 
catalysts prepared in this work had much higher packing 
density than the CeCy based catalysts. The space velocity 
for the ZrO r based cataiysts was about 100.000 h" 1 . while 
the space velocity for the CeO : -based cataiysts was typi- 
cally 42.000 h" 1 . In Fig. 12. the Cu 0 . 2 Zr 8 . 8 O < catalyst 
showed high activity for methane oxidation with a light-off 
temperature (50% conversion) at 450°C. The Cu 05 Zr 05 O ( 
catalyst bad a light-off temperature of 5!0"C, which sug- 
gests that an excessive amount of copper in the Cu-Zr-0 
catalyst system may have a negative effect on catalytic 
activity. Bulk CeO, had the lowest activity among the 
cataiysts tested. However, the Sight-off temperature over 
Ce0 2 was lowered from 630 to 540"C in the presence of 
4.3 at.% La dopant and further to 490°C by the addition 
of 8 at.% Cu. The 50 at.% Cu-containing Cu-Ce(La)-0 
catalyst showed similar activity to the one containing 8 
at.% Cu. 

The 15 at.% Cu-con!aining Cu-Ce(D)-0 cataiysts with 
different dopants were examined and the results are 
shown in fig, S3. The ! at.% Sc-doped Cu 0 .hCc^O, 
catalyst had slightly higher activity than the undoped one, 
while the I at.% La-doped or 1 at.% Sr-doped catalyst 
had significantly higher activity than the undoped. The 
4.5 at.% La-doped catalyst, • Cu 4i!5 |Ce{La)3 Bgs O J , had 
the highest activity, but further increasing the La dopant 
level to 10 at.% decreased the catalytic activity, which 
was similar to the case of CO oxidation. Methane con- 
versions to carbon dioxide of 50 and 95% over the 
Cu 0 L ,lCe{La)j 0 g 5 O, rook place at 450 and 520°C, respec- 
tively. The Cu,, ,<(Ce{La;i i: . 8 <0. showed comparable activ- 



ity to the Cuj ,Zr ()8 0 ( catalyst in Fig. I2and higher activitv 
than CtWCeiLa^Q, or Cu 05 [Ce{La)S 0 . 5 O, in Fig, if, 
The activity of the Cu 0 j5 [Ce(I-a)] WJ O t catalyst was stable 
as no conversion decline was observed during a 15-h run 
at 600°C with 99% methane conversion. Therefore, the 
dopant oxide in the Ce0 2 -bascd catalyst played a more 
important role in methane oxidation than in CO oxidation. 
However, ihe activity enhancement cannot be explained 
simply on the basis of oxygen vacancy and energetics. 
SrO and La,0, are more baste oxides than Sc,0 } . it is 
plausible to assume that the catalysi surface acidic/basic 
sites are important for methane oxidation. This assump- 
tion is illustrated by the following reaction scheme where 
"cat" denotes the catalyst, M ni is an acidic site, and O" 
is a basic site: 

M^-CHf •••H s *~O c -„^M?;-CH,- + HO c „. 

It is generally agreed that the most difficult step in 
activating methane is to break the C-H bond (10, 40). 
As one hydrogen atom is abstracted from the methane 
molecule by a surface oxygen (basic site), the negatively 
charged residual is stabilized by a surface acidic site. The 
resulting intermediate can become a methyl radical by 
giving back its electron to the catalyst and the methyl 
radical may subsequently form the precursors of a variety 
of chemical products. These intermediate species are eas- 
ily oxidized into carbon dioxide and water. Both surface 
basic and acidic siles with suitable strength and geometry 
are needed to form a transition state and lower the activa- 
tion energy in the C-H bond breakage. The present results 
indicate that copper-fluorite oxide composites are active 




250 350 450 550 650 750 



T( °C> 

RG, 13. Effect of dopaist in the Cu„ ,sCe s 8 ,0, catalyst on methane 
oxidation activity; (150 mg catalyst loading, catalyst surface area a 30 
nv/g; 190 seem: containing 2% CH, and \W- 0,1. 
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TABLES 

Catalyst Activity for Methane Oxidation 



Catalyst and re 



i! condition 



Surface 
<m-/g) 



I. P c „ = 0.0 i bar, P„ = 0.04 bar, SSTC 
Cu^iCeiLaJlojA* 30 
LaCoO s (4!) 3. 

II. /Vh =0.04 bar, 550°C 
Cuo^iCefLa^jO/ 30 
La.^S^.MNia.jCo^O, (42)' 19 

La ull Sr 0 ,MnO,(43)' 

" Rate calculated based on CO, formation. 
* Partial pressure oi'oxvgen. f,,, is 0.12 bar. 
r /"„ = 0.2 bar. 



(^mot/gcat • si (fimol/m 2 ■ s) 



cataiysts for methane oxidation and more importantly, 
the activity is tunable by using different dopant oxides in 
suitable amounts, 

It is noted that methane oxidation is much slower than 
carbon monoxide oxidation, and the light-off curves 
shown in Figs. 12 and 13 are in the kinetic regime; that 
is, the light-off curve wii! be shifted to lower temperatures 
by increasing the contact time, Table 5 briefly compares 
the activity of the Cu 0 .,$[Ce(U)]o.» 5 0 I catalyst with some 
active pcrovskite mixed oxide catalysts reported in the 
literature (41-43). Per unit catalyst weight, the 
Cu 0 .,}{Ce(La)j 0g? O, catalyst had an activity a few times 
higher than that of the other catalysts. Per unit surface 
area, the activity of the Cu 0 l5 lCe(U)l 0 .g,O, catalyst was 
comparable to that of the LaCoO, catalyst, an extensively 
studied pcrovskite system. Formation of the perovskite 
compound requires a high temperature so that it is difficult 
to prepare with a high surface area. The preparation of the 
present transition metal-fhiorite oxide composite catalyst 
mostly requires good dispersion of the transition metals 
in the fluorite matrix and thus, a high catalyst surface area 
can be obtained by using appropriate low temperature 
synthesis methods. In conclusion, the present composite 
oxide catalyst is a promising new catalyst system showing 
high activity for the total oxidation of methane. 

3.3. Simultaneous Oxidation of CO and CH 4 over the 
Cu 0 ls i Ce(La )} 0 ^O x Catalyst 

Figure 14 shows the light-off curves of carbon monoxide 
and methane oxidation over the Cu 0 !3 [Ce(La)] 0g5 O. cata- 
lyst in two different reacting gas mixtures. The oxidizing 
gas (II) consisted of 0.228% CH 4 , 0. !% CO, and 1 .0% 0 2 . 
The reducing gas composition (III) consisted of 0.228% 
CH 4 , 0.1% CO, and 0.35% 0 2 . The light-off curves under 
the oxidizing and reducing conditions overlapped, and the 



light-off curves of methane oxidation in the presence of 
CO were similar to light-off in the absence of CO. There 
was 95% conversion of CO artd methaise at about 100 and 
550"C, respectively. The oxidation behavior of the present 
catalyst is very different from that on precious metal cata- 
lysts (Pd, Pt, Rh) reported in the literature (44), On the 
precious metal catalysts, the fight-off curves of both CO 
oxidation and CH< oxidation were strongly affected by 
the reacting atmosphere. Under reducing conditions, 
methane oxidation produced substantial amounts of CO 
and H 2 at high temperatures (44), while no partial oxida- 
tion products (CO, H 2 ) were observed over the present 
catalyst. This was confirmed by separate studies at vari- 




300 400 500 600 700 
Tf °C) 



HG. !4, Simultaneous oxidation of methane aisd CO over she 
Cii 0 l5 [Ce<La;UO, catalyst. (I) in 0 72m CH«. 3% Qv. (U) in oxidizing 
gas containing Q.22#% CH 4 , 0A% CO l« Oj-.andOH) in reducing gas 
containing 0.22S% CH 4 . 0. 1% CO, 0.35% O,. 
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ous space velocities. The CO and H : oxidation o« the 
meSaS-fiuoriie oxide composite catalysts appear to pro- 
ceed very quickly, as previously noted. This is an jsdvan- 
tage of the present catalyst over the precious metal cata- 
lysts, because CO is a more harmful pollutant than 
methane. 

4, SUMMARY 

Transition meial-fHjoriie oxide composite catalysts 
were studied in this work for the total oxidation of carbon 
monoxide and methane. A variety of highly active oxida- 
tion catalysts cat! be prepared from this family of cata- 
lysts. The transition metal or metal oxide is usually insolu- 
ble in the fiuorite oxide, while alkaline earth and rare 
earth oxides h;ave solubility over ;. wide concentration 
range. Therefore, transition metals can be well dispersed 
in the fiuorite oxide matrix without one worrying about 
the adverse effect of solid solution formation, and alkaline 
and rare earth oxide can be used to tune the physical 
and chemical properties of the fiuorite oxides. The good 
transition metal dispersion and. more importantly, the 
strong interaction between the transition metal and the 
fiuorite oxide result in high catalyst activity and stability. 
The transition metal dispersion and display of this strong 
interaction are not sensitive to the catalyst preparation 
process. Some specific conclusions were drawn from this 
work as follows: 

4.1 Carbon Monoxide Oxidation 

( 1 ) The Cu-Ce-0 composite showed higher CO oxida- 
tion activity than that of any other of the base metal oxide 
catalysts reported in the literature. The catalytic activity 
was not affected by small amounts of alkaline earth and 
rare earth dopants or impurities (ca. S at.%). Only a small 
amount of copper (ca. 2 at.% or 0.7 wt%) was needed to 
promote the catalytic activity of Ce0 2 , while excess cop- 
per formed bulk CuO particles contributing little to the 
catalyst activity. These catalysts showed excellent resis- 
tance to water vapor poisoning. 

(2) The Au 0 0 ,[Ce(La)]„ 9 ,0, is an active and stable cata- 
lyst for low temperature CO oxidation (room temper- 
ature). 

(3) The activity of the Cu-Ce-0 system was superior 
to Co-Ce-O and Cu-Zr-O, but all these catalyst systems 
showed good resistance to water vapor poisoning. 

4.2 Methane Oxidation 

(4) The Cu-Ce-0 and Cu-Zr-0 composites are active 
catalysts for the total oxidation of methane. The 
Cu-Ce-0 catalyst activity can be tuned by using alkaline 
earth and rare earth oxide dopants in suitable amounts. 
Both La and Sr dopants provided significant promotion 
effect. 



(5) No partial oxidation products, such as CO and H 2 , 
were observed during methane oxidation over the 
Cu-Ce(La)-0 and Cu-Zr-0 catalysts under reducing 
conditions. 

Further characterization of the Cu-Ce{La}-0 catalyst 
and CO and methane oxidation kinetics will be presented 
in Part II of this paper (27). 
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